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FOREWORD 

This report contains the results of the testing of solid state 

power controllers as developed by the Westinghouse Corporation for 

AFAPL.  The work was performed by the Aerospace Power Division, Vehi- 

cle Power Branch of the Air Force Aero Propulsion Laboratory, Wright- 

Patterson AFB, Ohio, under Project 3145, Task 314529, and Work Unit 

31452929.  This effort was conducted by Mr. Joseph M. Parkas, AFAPL 

POP-2, during the period July 1974 through June 1976. 
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I. Introduction 

This report covers the in-house test and evaluation of solid state 

power controllers developed by the Westinghouse Corporation for AFAPL 

under Contracts F33615-71-C-1400 and F33615-73-C-2082. Among these power 

controllers were units intended for use on the B-l. 

A total of 45 power controllers were tested from July 1974 through 

June 1976. 

II. Evaluation Procedures and Results 

A total of 45 power controllers were subjected to various electrical 

tests. The power controllers were the end products of two contracts. 

Delivered under the first contract were: 

1. 1-230 volt, 1.0 ampere rated power controller 

2. 5-230 volt, 2.0 ampere rated power controllers 

3. 6-230 volt, 5.0 ampere rated power controllers 

The second contract was coordinated with the B-l System Program Office. 

The power controllers were designed to meet the needs of the B-l elec- 

trical system. Delivered and tested were: 

1. 1-230 volt, 1.5 ampere rated breadboard power controller 

2. 7-230 volt, 1.5 ampere rated B-l prototype power controllers 

3. 25-230 volt, 1.5 ampere rated B-l prototype power controllers 

with Integrated Wire Terminal System (IWTS) connectors. Figure 1 shows 

examples of the power controllers tested. Detailed electrical specifica- 

tion testing was performed on all but the IWTS power controllers. The 

IWTS power controllers were configured on a test bench and operated with 

the in-house Electrical Multiple System (EMUX). The electrical charac- 

teristics tested were: 

1. Turn on and turn off control voltage and current 
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2. Turn on and turn off delay 

3. Power Dass element voltage drop 

4. Power dissipation 

5. Overload time trip characteristics 

6. Zero turn on and turn off accuracy 

7. Trip and status indicator voltage drop 

6. Power pass element leakage current 

All specification tests were performed at room temperature. 

Ihe numerical results of the specification tests are listed in 

Tables 1-4. 

An exolanation of the necessity for making the measurements, the 

method by which they were accomplished, and some of the results obtained 

are as foVows: 

1. Turn on and turn off voltage and current. The turn on voltage 

is the minimum voltage that applied to the control inputs, allows the 

power controller to pass load current. In a similar manner the turn 

off voltage is the control voltage that results in the "on" power con- 

troller in turn "off". These voltages, and the resulting currents, are 

in the 5 volt and 10 milliampere range, making these power controllers 

compatible with solid state logic. Oscillatory operation of the power 

controller is prevented by the hysteresis designed into the control 

input circuit. 

2. Turn on and turn off delay. The delay to turn on is the time 

from application of a 5 volt control signal to the actual application 

Of the current to the load. The turn off delay is the time from 

removal of the 5 voit control signal to the time the load current goes 

to zero. The delays experienced with these power controllers were by 
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design to meet the B-l specifications. Figures 2  and 3 show the typical 

turn on and turn off delay. 

3. Pass element voltage drop. The voltage drop was measured 

between the power controllers 230 volt input and 230 volt output leads 

with various loads applied. This voltage was measured with a Fluke 8300A 

true RMS reading digital voltmeter and with an oscilloscope. Figure 4 

and Figure 5 show pictures of the typical voltage drops observed. 

This measurement is made to determine if the voltage drop due 

to a solid state power controller would be great enough to have an 

undesirable effect on aircraft loads. No problems were observed due 

to a voltage drop, the typical drop being about 1.7 volts RMS with a 

1.5 ampere load. 

4. Power dissipation. Power dissipation is one of the most critical 

and one of the most difficult to measure parameters. It is composed of 

the sum of all the individual circuit losses within the power controller. 

This includes the pass element, ground circuit, control input, and status 

and trip indicator losses. The pass element and ground circuit losses 

form the majority of the power loss in these power controllers. 

Two methods were used to obtain the sum of the losses in the 

pass element. One method was to obtain the two losses individually and 

sum the results. The power switch loss was computed by measuring the 

RMS voltage drop and multiplying by the RMS current. This gives the 

average power dissipation in the pass element. 

The ground circuit loss was more difficult to measure. Westing- 

house uses a capacitor voltage divider to supply power for the internal 

circuitry. This results in a ground current of large magnitude but small 

power factor. A Philips multiplying oscilloscope was used to take the 
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product of the line voltage and ground current ana give ci K uutpuc 3 njiiu i 

directly proportional to the real power loss. This output was applied to 

a digital voltmeter which, in combination with the proper oscilloscope 

input and current probe settings, would display power dissipation directiy 

in milliwatts. This number was added to the number calculated for the 

power switch loss to give the total power dissipation. 

A second method was to use an instrument built in-house specifically 

to measure the losses in these two sections. This was comprised of 7  ana Ion 

multipliers and a summing amplifier. This instrument outputted a DC 

voltage proportional to the power dissipation. This instrument was used 

to measure the power dissipation of the power controllers under life test 

after 2300 hours of operation. The two methods gave very nearly the same 

results; that the power controller was under the 4 watt f-jll-load dissipa- 

tion limit and over the 0.5 watt off state dissipation limit specified by 

the B-l. 

5. Overload time trip characteristics. Overload time trip character- 

istics were determined to verify the power controllers to protect aircraft 

wiring and open a fault. Up to 500 amperes were passed by the 5 ampere rated 

prototypes for \ cycle under fault conditions. The B-l prototypes contained 

an internal resistor to limit fault currents. Up to 260 amperes were con- 

ducted by these units under fault conditions. Typical trip character- 

istics are plotted in Figures 6 and 7. 

6. Zero turn on and turn off accuracy. One of the reasons tor utilising 

solid state power controllers is the advantage of zero voltage turn on and 

zero current turn off. Zero voltage turn on results in a "softer' turn on 

for inductive and lamp loads, thus reducing EMI and increasing lamp fila- 

ment life. Contact bounce associated with relay control of load current is 
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eliminate, makinq the life of power controllers many thousands of hours. 

ZtfO currftnt turn off reduces the voltage spike created when the current 

tl-rouqh -ir  Inductiv« load is suddenly brought to zero. These power con- 

trotltfi utilize Silicon Controlled Rectifiers (SCR's) as the power pass 

element which theoretically turn off on zero current. These devices turn 

off within 10 microseconds after the zero current crossover point. Figures 

I and 9 s'iow the turn on and turn off voltage and currents with a resistive 

load, and Figures 10, 11,and 12 show turn on and turn off with a transformer- 

rectifier as a load. 

7. Trip and status indicator voltage drop. The trip and status indi- 

cators are transistor switcnes that close when the power controller has 

t*ipped or when g?tp drive is supplied to the SCR's. The drop across these 

switches is minimal yp tc the 10 milliampere rating. 

8. Puwer pass element leakage current. Leakage current of the pass 

■element was measi/red by a digital milllamp meter between the 230 volt out- 

put and ntutfil with the power controller control at zero. This measure- 

Tent was made to check for potential shock hazard to personnel 

MorMltf 'n loacs connected to turned off power controllers. These cur- 

rents vfer*  less than 100 microamperes. 

ttßH  power controllers were operated with various loads including 

three phase motor, relays, various inductors, lamps, capacitors, and trans- 

former-rer.tifiers. No problems were observed in the operation of any of 

these loads. A life test fixture was set up consisting of six B-l proto- 

types, 4 loads and a timing circuit. Figure 13 shows the life test con- 

figuration. These controllers were subjected to a 50% duty cycle, 100 

cycles per hour, for about 9 hours per working day. The loads included 

a B-l transformer-rectifier, 150 ohm resistor, two 120 volt, 150 w lamps. 
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and a 200 volt 3 phase aircraft fan. These power controllers were con- 

nected line-to-line across the 400 Hertz source and the voltage upped 

to ?30 volts line-to-line. Three 30 ohm resistors were added in line to 

the 3 phase fan to drop the voltage to 200 volts line-to-line. The power 

controllers were subjected to specification test and then placed under 

life test. At 500 hours the six power controllers were again tested, 

and then placed back into life test operation. 

At 800.3 hours of operation, Westinghouse unit #21 failed. The 

failure has been attributed to the failure of one of the capacitors in 

the input power supply voltage divider. This capacitor according to 

Westinghouse failure analysis, was damaged upon installation on the 

hybrid chip. This turned out to be a potential problem in all of the 

B-l power controllers. 

The failed power controller was replaced with unit #20. After 

an additional 1150.1 hours, this replacement power controller failed, 

the cause being the same as in the previous failure. This unit was not 

replaced. The failure was not attributed to any peculiarities in the 

test configuration or to the load, which may have increased the stress 

on the power controller. 

At 2000 hours the 5 remaining power controllers were again 

tested. During this testing, 40 volts DC was inadvertently applied to 

the control terminals of controller #25. This caused a zener diode in 

the input circuitry to fail short, making the power controller inoperative. 

Five volts at several amperes was then applied to the control terminals in 

an attempt to "burn out" the shorted zener diode. This was successful, 

and the power controller was again operative. But further testing 

revealed that the power controller would no longer trip on overloads. 
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The reason for this has not been determined. 

Comparison of the data revealed little change in characteristics 

over the 2000 hours. Any differences can be attriouted to improved test 

procedures that result In more accurate data or cnanqes 1n MM test equip- 

ment during the passing of one year. A rise in the off state power dlstl- 

pation has been detected. This has been attributed U leakage ot the 

power supply voltage divider capacitors. This fnortiM may be a prelude 

to the eventual failure of one of these capacitors. 

Eighteen of the solid state power controllers with !WTS connectors 

were installed on a test bench to be controlled by the Laboratory EMU 

system, see Figure 14. A test box delivered with the EMUX system was 

modified to provide an interface between the power controllers and the 

remote terminals of the EMUX system. These test ooxes proviae | means 

of entering and displaying "ones" and "zeros" into and from the remote 

terminals, and also provide external jacks for entering and receivmy data 

from other sources. 

Figure 15 shows the modification and method of connecting the power- 

controllers control, trip, and status. With this configuration, the trip 

and status can be taken from the power controller or forced to one or zero 

from the switches. This allowed simulated trips to be made without 

actually placing a fault on a power controller. 

Originally 24 of the IWTS power controllers were to be connected 

to the EMUX system. Six failed before it was realized that a problem 

existed with the voltage divider capacitors. Once the reason for the 

failures was discovered, a current limit circuit was built and inserted 

into the neutral return lead of each of the remaining power cort»oVjers. 

This circuit. Figure 16, would limit the current to tne power controlier 
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to 100 ma. This would prevent excessive currents from flowing through 

the capacitors during turn on and hopefully prevent additional failures. 

None of these protected power controllers has failed because of a power 

supply capacitor failure. 

A variety of loads, listed in Figure 17, were connected to the 

18 power controllers. A program was written in the Powertran language 

to configure the EMUX system. This program provided automatic cycling 

or manual control of the loads, reset of tripped power controllers, and 

3 phase load control. The Appendix contains a listing of this program. 

During the automatic cycling mode, the 3 phase load, in this case 

a motor, would operate in one phase sequence for 30 seconds, then off for 

2 seconds, then run in a different phase sequence for 30 seconds. This 

would reverse the 3 phase motor. A trip input from any one of these 

power controllers would turn all of the power controllers off. 

Power controllers that trip are reset a maximum of three times. 

On the receipt of the third trip signal the control is turned off and a 

message sent to the EMUX's Crew Control and Display Panel to notify that 

the power controller has tripped. Reset of the power controller is 

accomplished by moving the control input switch to "zero" and back to 

"one." 

The 18 power controllers have been manually and automatically 

cycled for over 350 hours. 

At 340 hours a failure within the EMUX system forced all outputs 

to "one." This resulted in the power controllers in the three phase cir- 

cuit to be turned on line-to-line. These power controllers tripped 

immediately and continued to operate properly after the EMUX system was 

restored to normal operation. But a checkout of the remaining power con- 
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trollers revealed that two others had failed in the on state. The power 

pass section in power controller no. 8 had failed. This was verified when 

removal of the neutral return from the power controller had no effect on 

its operation. Power controller number 11 had a failure within the con- 

trol circuitry. Removal of its neutral return would turn the power con- 

troller off. No attempt has been made to analyze the power controller 

internal workings to find out why they failed. The hermetic construction 

of the controllers makes any attempt to open the container extremely diffi- 

cult. 

It was not possible to determine if the failure of these two 

power controllers was related in any way to the failure of the EMUX sys- 

tem. The shorting of the two phases by the three phase load power con- 

trollers may have created a disturbance on the line of sufficient ampli- 

tude to affect the controllers. 

III. Conclusions 

These power controllers developed by Westinghouse are capable of 

performing to the specifications to which they were designed. They are 

not recommended for flight test because of the manufacturing problem that 

may result in the failure of the power supply capacitor. Also, the 

effect of line transients on the power controller should be fully investi- 

gated before such units are flight tested. 

The operation of these power controllers with various loads and with 

an EMUX system has been successful. No compatibility problems have arisen 

in the 18,800 hours accumulated by the power controllers to date. Life 

testing will continue with the intent of uncovering any long term degrada- 

tion that may occur In solid state power controllers. 



IV. Recommendations 

In the light of the failure of two power controllers controlled by 

the EMUX system, it is highly recommended that the effects of power line 

transients on power controllers be investigated. Transients similar to 

the ones that occurred during the temporary failure of the EMUX system 

may happen during normal or emergency bus switching procedures or the 

application and removal of large loads from the electrical bus. The 

effect of these transients on solid state power controllers will have 

to be investigated and documented. 

Upon completion of the High Speed Data Acquisition System in the 

Power Generation and Distribution Laboratory at AFAPL,transient tests 

will be performed on a simulated aircraft bus with solid state power 

controllers. The information obtained from this testing will be made 

available to the manufacturers of solid state power controllers. 
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Load 

1) 3 Phase 

Power Controller Number 

1, 2, 9, 10, 17 

2) 1.0 A resistive 

3) 0.5 A resistive 

4) 50 w lamp 

5) 300 w lamp 

6) 2.4 H inductive 

7) 1/2 wave (B-l relay) 

8) Capacitive 

9) Light resistive 

10) Two power controllers in series 
to 0.5 A load 

11 

5 

13 

12 

4 

6, 14 

7, 15 

8, 16 

Figure 17     List of Loads for Power Controller/EMUX Test 
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APPENDIX 

POWERTRAN LISTING FOR DATA HANDLING SYSTEM 
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